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SIMULATION OF SEMICONDUCTOR NANOSTRUCTURES

A. J. Williamson, J. C. Grossman, A. Puzder, L. X. Benedict and G. Galli
Lawrence Livermore National Laboratory, 7000 East Ave, Livermore, CA 94550, USA

The field of research into the optical proper-
ties of silicon nanostructures has seen enor-
mous growth over the last decade. The dis-
covery that silicon nanoparticles exhibit visible
photoluminescence’ (PL) has led to new in-
sights into the mechanisms responsible for
such phenomena. The importance of under-
standing and controlling the PL properties of
any silicon based material is of paramount
interest to the optoelectronics industry where
silicon nanoclusters could be embedded into
existing silicon based circuitry.

In this talk, we present a combination of quan-
tum Monte Carlo and density functional ap-
proaches to the calculation of the electronic,
structural, and optical properties of silicon
nanostructures.
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Figure 1 Time required to perform QMC total energy
calculations for silicon and carbon clusters.

To enable the study of nanostructures con-
taining several hundred atoms, we have ex-
panded the applicability of the quantum
Monte Carlo (QMC) method by developing a
linear scaling QMC algorithm? that enables
accurate calculation of binding energies and
optical gaps for systems containing up to
1000 electrons. In our QMC approach we
use a sparse Slater determinant wavefunction
constructed from Maximally Localized Wan-
nier (MLW) orbitals. The introduction of spar-
sity into the Slater determinant, coupled with

an efficient numerical evaluation of the MLW
orbitals, improves the scaling of the QMC al-
gorithm from scaling as O(N®), where N is the
number of electrons, to O(N). This O(N) scal-
ing is illustrated in Fig.1, which shows the
time to calculate the total energy of hydro-
genated silicon clusters and carbon fullere-
nes. Figure 1 shows that previous QMC im-
plementations using (b) Gaussian and (c)
plane wave orbitals scale as O(N®), whereas
the MLW orbitals (a) scale with as O(N).
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Figure 2 Charge density isosurfaces of the HOMO and
LUMO of hydrogenated silicon clusters.

We combine these highly accurate QMC cal-
culations of total energies and energy gaps
with ab initio density functional (DFT) calcula-
tions using the JEEP plane wave code. We
use these DFT calculations to examine struc-
tural properties and band gap trends®. In par-
ticular, we calculate optical gaps of silicon
clusters with different surface passivant mole-
cules such as oxygen, sulfur, fluorine and
chlorine. All the silicon clusters are initially
constructed in a diamond structure lattice with
bulk Si-Si bond lengths. Dangling bonds are
initially passivated with hydrogen, placed
along the appropriate tetrahedral direction at
the experimental Si-H distance in SiH;. The
structures are then fully relaxed within the
DFT calculation.



To determine the trends in the optical proper-
ties of the clusters we consider the single par-
ticle states near the absorption edge. In Fig.
2 we plot the charge density of the highest
occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals of SizsHze. As ex-
pected, the HOMO and LUMO densities are
localized in the core of the clusters. Our LDA
results (supported by our QMC calculations)
show that if two hydrogens are replaced with
one double bonded oxygen atom (SizsH340)
the band gap of this cluster closes signifi-
cantly. This reduction in the gap arises from a
change in the HOMO and LUMO states from
core states to being localized on the surface
of the cluster (see Fig. 2). These new oxygen
localized states fall in the gap of the dot (see
Fig. 3) reducing the gap from 3.4 to 2.2 eV.

The effect of oxygen on the gap could be due
to: (i) the high electronegativity of oxygen
causing it to draw charge towards the surface,
(i} the chemical environment, specifically, the
existence of the double bond, or (iii) the elec-
tronic levels of the passivating atom such, as
the lone pair state in oxygen, occurring inside
the Si35H36 gap.

To test the effect of the electronegativity of
the surface passivant on the gap, we calcu-
lated the gap of SissHssF and SisH3sCl, since
fluorine and chlorine have greater or compa-
rable electronegativity to oxygen. We find
that fluorine and chlorine have relatively little
effect on the gap, suggesting electronegativity
is not the dominant cause of the band gap
reduction.

To test whether there is some other charac-
teristic property of oxygen accounting for its
attraction of charge and closing of the band
gap, we passivated SizsH3e with an OH group.
In this case, we observe only a slight de-
crease in the gap of SizsHzsOH compared to
that of SissHze. It therefore appears, that nei-
ther the electronegativity of oxygen nor the
lone pair state is responsible for the signifi-
cant gap closing.

To test whether the effect of oxygen arises
from its double bond with the surface silicon
atom, we also study SizsHz4S by replacing two

hydrogens with a sulfur atom. In a similar
manner to oxygen, a large closing of the gap
from 3.4 eV to 1.8 eV occurs (see Fig. 3)
when sulfur is applied, close to the 2.2 eV gap
we see for SizsH340.
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Figure 3 Density of states of silicon clusters

Therefore, our initial conclusion from QMC
and DFT studies of the optical gaps of hydro-
genated silicon clusters is that the dominant
factor controlling the changes in the band gap
with different surface passivation is the bond-
ing character of the surface passivant.

This work was performed under the auspices
of the U.S. Department of Energy by the Uni-
versity of California, Lawrence Livermore Na-
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